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doi:10.1016/j.jtcvs.2007.06.011bjective: The purposes of this study were to evaluate the histologic characteristics
f the aortic wall and the risk factors related to histopathology and aortic dilatation
n patients undergoing intracardiac repair of tetralogy of Fallot.
ethods: Operatively excised full-thickness aortic wall tissue from 98 consecutive
atients undergoing intracardiac repair of tetralogy of Fallot aged 6 months to 47
ears (mean 104.5  102.8 months; median 72 months) were studied by light
icroscopy. The receiver operating characteristic curve analysis was done to
uantify the diagnostic accuracy of loss of lamellar counts and multiple logistic
egression models.
esults: Twenty-five (25.5%) aortic tissue specimens were indicated as histologi-
ally normal and were used as normal controls. The incidence of elastic fragmen-
ation, increased ground substance, medionecrosis, smooth muscle disarray, and
brosis was 74.5%, 54%, 39.8%, 26.5%, and 57.1%, respectively. A lamellar count
f less than 60 was associated with a sensitivity of 80% and a specificity of 87.67%.
rea under the receiver operating characteristic curve indicated that 93.37% (stan-
ard error  0.039) of the time the value of lamellar count was lower for the
bnormal histopathology group than for the normal group (P  .001). The risk of
ortic dilatation was 15.97 times higher in patients with histopathologically abnor-
al aorta.
onclusions: The majority of aortic media of the ascending aorta in cyanotic
etralogy of Fallot indicates significant loss of lamellar units and pre-existing
ntrinsic aortopathy. The changes are present since infancy and are more pronounced
n older patients subjected to long-standing cyanosis and volume overload and may
ccount for or may coexist with the higher incidence of aortic dilatation encountered
n these patients.
ilatation of the aortic root with or without aortic regurgitation is a well-
described feature in patients with tetralogy of Fallot (TOF) and pulmonary
stenosis or pulmonary atresia.1-3 A subset of adult patients with T
xhibit ongoing dilatation of the aortic root even after repair, necessitating aortic
alve and aortic root surgery.1-7 It is hypothesized that a medial abnormality coup
ith increased aortic blood flow might be the cause for aortic root dilatation in
ntreated patients.2-4,6,8-13 However, histopathologic or ultrastructural studies 
end credence to this hypothesis have been limited because of limited number of
atients and restricted observations.1,7-13
This prospective study aims to (1) elucidate the histopathologic characteristics of
he aortic wall in patients with TOF and to identify the relationship, if any, between
he lamellar counts and appearance of histopathologic changes; (2) correlate any
dentifiable pathologic changes with known risk factors such as age at operation,
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Drevious systemic–pulmonary arterial shunting procedures,
ystemic arterial oxygen saturation, hematocrit, right ven-
ricular end-diastolic pressure (RVEDP), degree of aortic
verride, and aortic regurgitation; (3) identify the his-
opathologic characteristics that may predispose patients to
he higher risk of aortic dilatation seen in these patients; and
nally (4) to evaluate the sensitivity, specificity, and pre-
ictive accuracy of a low lamellar count as a possible
redictor of histopathologically abnormal aorta.
atients and Methods
atients were enrolled for this prospective study after approval by
he institutional ethics committee and after informed written con-
ent had been obtained from parents/guardians. Between January
004 and June 2006, specimens of excised aortic wall from 108
onsecutive patients undergoing intracardiac repair for TOF at
IIMS, New Delhi, India, were subjected to histopathologic anal-
sis. Of these, 98 samples from 98 patients (71 male subjects) were
ound suitable for analysis (10 were excluded either because of
nsufficient tissue material or because of morphologic artifacts
esulting from inadequate fixation and/or poor orientation). The
xaminers were blind to demographic, procedural, and hemody-
amic data.
Age at correction was 6 months to 47 years (mean 104.5 
02.8 months; median 72 months), with 30.6% of patients (n 30)
eing younger than 4 years of age and 20.4% (n  20) being older
han 12 years of age. Cardiac catheterization and angiocardi-
graphy were performed on all patients to confirm the diagnosis, to
efine coronary artery anatomy, and to identify major aortopulmo-
ary collateral arteries (MAPCAs). The details of the patients are
ummarized in Table E1. In 65 (66.3%) patients, the aortic
as dilated. Dilatation was defined as the ratio of observed/
xpected aortic root diameter indexed to body surface area and age
reater than 1.5.14 Thirteen (20%) of 65 patients had evidence
rivial to mild aortic regurgitation.
Standard cardiopulmonary bypass and myocardial protection
echniques were used in all patients. Intracardiac repair was per-
ormed with a transatrial, transpulmonary approach in 76 (77.5%)
atients and a trans–right atrial approach in 22 (22.5%) patients. In
5 (66.3%) patients, a transannular patch was used. Five (5.1%)
atients with TOF and pulmonary atresia required a right ventri-
le–pulmonary artery homograft conduit. The aortic tissues studied
ere operatively excised from the aortic cannulation site. A button
Abbreviations and Acronyms
CI  confidence interval
MAPCAmajor aortopulmonary collateral artery
OR  odds ratio
ROC  receiver operating characteristic
RVEDP  right ventricular end-diastolic pressure
SD  standard deviation
SE  standard error
TOF  tetralogy of Fallotf full–thickness aortic wall tissue (about 2-3 mm width) was a
0 The Journal of Thoracic and Cardiovascular Surgery ● Januat
xcised from within the aortic purse-string suture on a side-biting
ortic clamp as atraumatically as possible.
ollection and Preparation of Tissues
xcised full-thickness aortic wall tissue during intracardiac repair
as subjected to histopathologic evaluation by light microscopy.
ight Microscopic Evaluation
ach biopsy specimen was fixed in 10% buffered formalin solution
t room temperature, embedded in paraffin block, and thin sections
f 4 to 5 m were taken. The slides were then stained with
ematoxylin and eosin. Special stains like Masson trichrome,
lastic Verhoeff van Gieson, and alcian blue periodic acid–Schiff
ere used as and when indicated. The sections were examined
ith research light microscope (Nikon Optiphot; Nikon Corpora-
ion, Tokyo, Japan, magnification 40, 100, or 200).
The histopathology slides were simultaneously evaluated by
wo independent observers and there was no interobserver dis-
greement on interpretation of the presence or absence of disease.
he histologic evaluation of the aortic media included 6 variables:
1) lamellar count, (2) loss or fragmentation of elastic lamellae, (3)
ncreased amount of ground substance, (4) medionecrosis, (5)
mooth muscle disarray (changes in smooth muscle orientation),
nd (6) fibrosis. The lesions were graded 1 to 3 according to the
riteria adapted from Schlatmann and Becker15 and from de Sa an
ssociates16 (Table E2).
The grades were determined on the basis of the worst area
bserved in each specimen. The number of elastic lamellae were
ounted at the thickest and thinnest area in the media and the mean
f these numbers was calculated. While counting, we included the
onger elastic lamellae parallel to the lumen.
efinitions
Aortic root dilatation. Age, height, body weight, and sex are
nown to be the determinants of aortic root dimensions in the
ormal heart.14,17 Therefore, we used the standard nomogram 
ortic root size at the sinotubular junction adopted from Roman
nd associates,14 indexed to body surface area and age.5,16,17
ortic root dilatation was defined as the ratio of observed/expected
ortic root diameter greater than 1.5.
Apoptosis. Apoptosis is defined as a form of programmed cell
eath and has been recognized as a central feature of fundamental
iological processes including embryonic morphogenesis, remod-
ling of mature tissues, and cell replacement in certain adult
issues, for example, the thymus. In contrast to necrosis, apoptosis
ccurs in isolated cells without any accompanying cellular
eaction.18-20
Elastic fragmentation. Elastic fragmentation is defined as fo-
al fragmentation of elastic lamellae in the aortic media. Three
rades were recognized: grade 1, fewer than 5 foci of elastic
amellae, loss or fragmentation in one microscopic field, each
ocus comprising 2 to 4 neighboring elastic lamellae; grade 2, 5 to
foci of elastic lamellae fragmentation in one microscopic field;
nd grade 3, presence of 10 or more foci of elastic fragmentation
n one microscopic field (Table E2).15,16
Accumulation of ground substance. The ground substance is
hydrated gel composed of glycosaminoglycans, proteoglycans,nd adhesive glycoproteins in which elastic fibers and collagen are
ry 2008
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Dmbedded.15,21 Accumulation of ground substance was charact-
zed by a noninflammatory loss of smooth muscle cells in the
resence of intact elastic lamellae and fragmented elastic fibers.
here was mucoid degeneration with no identifiable cystic
all.10,15,21
In grade 1, there were mild fragmentation of elastic fibers with
ild increase in ground substance and little or no change in
mooth muscle; in grade 2, there were widespread fragmentation
f elastic fibers, further increase in ground substance, and wide-
pread loss of smooth muscle; and in grade 3, there were large
reas of complete loss of elastic fibers and smooth muscle and
arge areas of ground substance accumulation (Table E2).15,16
Medionecrosis. Medionecrosis is defined as a focal loss of
mooth muscle nuclei in the media. Three grades were recognized
Table E2).
Smooth muscle disarray (changes in smooth muscle orienta-
ion). Three grades were recognized: grade 1, smooth muscle
isarray involving less than one third of the thickness of the media;
rade 2, smooth muscle disarray involving one third to one half of
he thickness of the media; and grade 3, large area of smooth
uscle disarray involving more than one half of media thickness,
ssociated with elastic fragmentation (Table E2).
Fibrosis. Fibrosis is defined as an increase in interstitial col-
agen. Three grades were recognized (Table E2).
tatistical Methods and Analysis
tatistical analysis was carried out with Intercooled STATA 9.0
oftware (Stata, College Station, Tex). Interval-related data were
xpressed as mean  standard deviation (SD) and categorical
ariables were expressed as percentages. The difference in pro-
ortions was tested with the 2 test.
The receiver operating characteristic (ROC) curve analysis was
one to determine the cutoff value of the lamellar count, which
ill predictably separate normal from the abnormal considering
ortic dilatation as the outcome and taking histopathology as the
old standard. To quantify the predictive accuracy of the lamellar
ount, we analyzed the area under the ROC curve.
Aortic tissue specimens without histologic abnormalities were
efined as normal and were used as normal controls. The simple
ogistic regression followed by forward stepwise multiple logistic
egression analysis was used to identify the independent risk
actors associated with the pathologic features and aortic dilata-
ion. The predictive accuracy of the multiple logistic regression
odel was assessed using area under the ROC curve. The results
ere expressed as odds ratio (OR) and 95% confidence interval
CI) for each independent variable.
esults
here were 3 (3.1%) perioperative deaths resulting from
assive pulmonary bleeding (n  2) and low output syn-
rome and multiorgan failure (n  1). All patients were
outinely started on dopamine (4 g · kg1 · min1) to
ncrease renal perfusion and sodium nitroprusside (0.5 g ·
g1 · min1) to reduce afterload. Patients considered to
ave low output syndrome (n  46) required dopamine,
obutamine, epinephrine, and milrinone either isolated or in
ombination. Median duration of inotropic requirement was a
The Journal of Thoracdays (range 7-10 days) in these patients. Postoperatively,
igoxin, diuretics, and angiotensin-converting enzyme in-
ibitors were weaned at varying time intervals. There was
o late death.
ollow-up
urvivors (n  95) underwent clinical examination, elec-
rocardiogram, and echocardiogram every 3 months. Fol-
ow-up was 100% complete (range 1-36 months) and
ielded 191.03 patient-years of data with a mean follow-up
ime of 24.13 months (SD 9.99; range 1-36 months). The
ctuarial survival at 36 months was 96.94%  0.01% (95%
I 0.90-0.99). At their last follow-up, 93 (97.9%) patients
ere in New York Heart Association functional classes I
nd II. Only 2 (2.1%) patients were receiving diuretics and
asodilators late postoperatively and were in New York
eart Association class III. Reoperation or reintervention
as not required for any patient.
chocardiographic Evaluation
he left ventricular function was normal (ejection fraction
0.5) in 88 patients and depressed in 7 patients. Fifty-three
55.7%) patients had mild and 12 (12.6%) patients had
oderate pulmonary regurgitation. Postoperatively, the
ean indexed aortic diameter was 25.90  10.21 mm/m2
range 0–68 mm/m2; median 24.0 mm/m2). All patients (n
65) with a preoperatively dilated aorta continued to have
ndexed aortic dimensions measuring between 24.80 and 32
m. There was no progression of aortic dilatation or aortic
egurgitation in these patients.
istopathologic and Risk Factor Analysis
wenty-five (25.5%) aortic tissue specimens were found to
e histologically normal and were used as controls. These
pecimens exhibited layers of longitudinally arranged elas-
ic lamellae interspersed with smooth muscle cells and
ollagen fibrils in a mucopolysaccharide ground substance
Figure E1, A and B).
Since both pathologists agreed in saying 73 abnormal
istopathologic specimens as abnormal and 25 normal aor-
ic tissue sections as normal, the Kappa value is 1.00. Elastic
ragmentation, increased ground substance, medionecrosis,
mooth muscle disarray, and fibrosis were present in 73
74.5%), 53 (54%), 39 (39.8%), 26 (26.5%), and 56 (57.1%)
pecimens, respectively.
elationship Between Aortic Root Dilatation and
istologic Abnormalities, Including Other Candidate
ariables
ortic diameter measured echocardiographically in our
tudy showed significant dilatation in 66.3% (n  65) of
atients with TOF. To assess the risk factors related to aortic
oot dilatation in TOF, we took into consideration aorta with
nd without histologic abnormalities and other candidate
ic and Cardiovascular Surgery ● Volume 135, Number 1 71
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Dariables. Aortic tissue specimens without histologic abnor-
alities (n  25) were defined as normal and were used as
he control group. It is noteworthy that of 65 patients with
ortic root dilatation, 62 (95.4%) patients exhibited histo-
ogic abnormalities and 3 (4.6%) patients were histologi-
ally normal (Tables 1 and E3).
The presence of elastic fragmentation, increased ground
ubstance, medionecrosis, muscle disarray, fibrosis, age
lder than 96 months, male sex, systemic arterial desatura-
ion (80%), hematocrit greater than 45%, aortic override
reater than 50%, presence of aortic regurgitation, higher
VEDP (12 mm Hg) of the MAPCA, right aortic arch,
ouble-outlet right ventricle, and TOF with pulmonary atre-
ia were independent risk factors for aortic root dilatation
ccording to bivariate analysis (Table E3).
Logistic regression analysis identified histopathologi-
ally abnormal aorta, elastic fragmentation, increased
round substance, male sex, degree of aortic override
reater than 50%, and double-outlet right ventricle as the
redictors for aortic dilatation in this study. The risk of
ortic dilatation was 15.97 times higher (95% CI 3.07-
3.15) in patients with histopathologically abnormal aorta.
he predictive accuracy of the logistic regression model for
ortic root dilatation was assessed by the area under the
OC curve, and the value in this cohort was 92.4% (
, Figure 1).
elationship Between the Lamellar Count and
istologically Abnormal Aorta
Analysis of ROC curve. The mean lamellar counts in
his cohort with and without histologic abnormalities (con-
rol group) were 40.85 (SD 11.04; range 15–59) and 66.72
SD 4.69; range 60–76), respectively. By pairwise com-
arisons, the differences in lamellar count of both groups of
atients were statistically significant (P  .0001). A mean
amellar count of 40.85 (SD 11.04, range 15–59) was
lways associated with a histologically abnormal aorta and
ortic dilatation (OR  7.46 [95% CI 2.85–19.58]; P 
0001).
With a lamellar count of 60 as the optimal cutoff point
ABLE 1. Predictors of aortic dilatation by stepwise mul-
iple logistic regression analysis applied to all 98 patients
ariables (covariates adjusted) OR (95% CI) P value
. Histopathologically abnormal aorta 15.97 (3.07–83.15) .001
. Elastic fragmentation 15.97 (3.07–83.15) .001
. Increased ground substance 4.86 (1.16–20.28) .003
. Male sex 12.74 (4.46–36.42) .001
. Aortic override 50% 10.50 (1.30–82.69) .001
. Double-outlet right ventricle 5.94 (1.36–26.01) .02
R, Odds ratio; CI, confidence interval.or abnormal aortic histopathology in patients undergoing n
2 The Journal of Thoracic and Cardiovascular Surgery ● Januae
ntracardiac repair of TOF, the sensitivity was 80% and the
pecificity was 87.67%. The predictive accuracy of a posi-
ive or negative result was 68.7% and 92.3%, respectively
Table 2).
Area analysis under the ROC curve indicated that
3.37% (standard error [SE 0.0.024; 95% CI  0.88-
.98)] of the time, the values of lamellar count were lower
or patients with aortic dilatation in patients undergoing
ntracardiac repair of TOF as compared with abnormal
istopathology, which is highly significant (P  .001) (Fig-
re 2).
lastic Fragmentation
eventy-three (74.5%) specimens had elastic tissue frag-
entation. It was graded as moderate (grade 2) in 27
27.5%) and severe in 23 (23.5%) specimens. Logistic re-
igure 1. The receiver operating characteristic (ROC) curve of the
atients in the study group to determine the predictive accuracy
f the model after logistic regression was assessed using the
rea under the ROC curve.
ABLE 2. Sensitivity, specificity, and predictive accuracy
f lamellar count (<60) for an abnormal aortic histopatho-
ogic condition in patients undergoing intracardiac repair
f tetralogy of Fallot (n  98)
amellar count
Abnormal aortic histopathology
Yes No Total
es 20 (TP) 9 (FP) 29
o 5 (FN) 64 (TN) 69
otal 25 73
ensitivity (%)  20/25  80%; specificity (%)  64/73  87.7%; () test
redictive value (%)  68.7%; () test predictive value  92.3%. FN, False
egative; FP, false positive; TN, true negative; TP, true positive.
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Dression analysis accounting for the effects of other vari-
bles identified age older than 96 months, systemic arterial
esaturation (80%), aortic override (50%), and presence
f MAPCAs as significant predictors for elastic fragmenta-
ion. It is noteworthy that lamellar loss and elastic fragmen-
ation up to grade 2 severity were noted in 45.5% (n  5),
6.9% (n  7), and 43.5% (n  10) specimens at 24, 48,
nd 72 months of age, respectively (Tables 3 and
igures E2, A, B and E3, A to F).
ncreased Amount of Ground Substance
total of 53 (54.1%) specimens had excessive deposition of
round substance. Its incidence was higher in older age
roups (96 months) and in patients with systemic arterial
esaturation (80%) and higher RVEDP (12 mm Hg)
Tables 3 and E4 and Figure E4, A to D).
edionecrosis
edionecrosis was exhibited by 39.8% (n  39) of aortic
issue specimens. Patients undergoing previous palliative
ystemic–pulmonary arterial shunting procedures and those
aving higher RVEDP, increased indexed aortic diameter,
ortic override greater than 50%, and presence of MAPCAs
ere found to be at increased risk for the development of
edionecrosis (Tables 3 and E4 and Figure E4, A to D).
uscle Disarray
mooth muscle disarray of grade 3 severity was seen in
igure 2. The receiver operating characteristic (ROC) curve of the
tudy group to compare the trade-offs between the true-positive
ate and the false-positive rate of low lamellar count. A lamellar
ount of 60 as the optimal cutoff point for an abnormal histopatho-
ogic condition in patients undergoing intracardiac repair with a
ensitivity of 80% and specificity of 87.7%.6.5% (n  26) of aortic tissue specimens. All these b
The Journal of Thorac;
atients showed grade 2 (n  3) to grade 3 (n  23)
lastic fragmentation. Age older than 96 months and
ortic override greater than 50% were independent risk
actors for its development (Tables 3 and E4 and F
5, A to D ).
ibrosis
ibrosis was exhibited by 57.1% (n  56) of aortic
iopsy specimens. Older age groups (96 months), sys-
emic arterial desaturation (80%), higher hematocrit
45%), aortic override greater than 50%, increased
ndexed aortic diameter, presence of aortic regurgitation,
APCAs, previous systemic–pulmonary arterial shunt-
ng procedures, and right aortic arch were identified as
ignificant predictors for the development of fibrosis (
ABLE 3. Risk factors for elastic fragmentation, increased
round substance, medionecrosis, muscle disarray, and
brosis in aortic tissue of TOF by forward stepwise logistic
egression analysis
ariables Risk ratio (95% CI) P value
lastic fragmentation (n  73)
ge* 36.28 (1.84–715.05) .02
ystemic arterial oxygen saturation* 35.36 (2.80–55.80) .002
ortic override* 35.13 (8.83–140.01) .002
ndexed aortic diameter* 43.56 (30.45–170.72) .001
APCAs* 0.056 (0.003–0.909) .04
ncreased ground substance (n  53)
ge* 4.13 (0.97–17.55) .05
ystemic arterial oxygen saturation* 54.69 (5.89–147.40) .001
VEDP* 23.67 (16.99–240.56) .001
edionecrosis (n  39)
revious palliation* 191.79 (7.18–512.18) .002
VEDP* 99.35 (5.28–191.54) .01
ndexed aortic diameter* 180.93 (5.78–566.96) .003
ortic override* 86.83 (6.55–189.42) .001
APCAs* 4.67 (1.02–29.19) .047
uscle disarray (n  26)
ge* 335.48 (27.18–697.15) .001
ortic override* 54.97 (5.08–293.79) .001
ibrosis (n  56)
ge* 14.45 (1.19–175.49) .04
ystemic arterial oxygen saturation* 38.48 (2.63–562.42) .01
ematocrit* 19.04 (1.54–235.16) .02
ortic override* 12.50 (1.37–113.83) .02
ndexed aortic diameter* 115.53 (7.44–792) .001
ortic regurgitation* 121.47 (5.10–322.14) .01
APCAs* 12.31 (0.94–161.08) .05
revious palliation* 20.91 (1.92–227.63) .01
ight aortic arch* 23.87 (1.33–426.96) .03
I, Confidence interval; MAPCA, major aortopulmonary collateral artery;
VEDP, right ventricular end-diastolic pressure, TOF, tetralogy of Fallot.
Variables with higher risk.les 3 and E4 and Figure E6, A to D ).
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Discussion
o far as we are aware, there have been only 3 published
tudies (autopsy series, n  2; surgical series, n  1) in the
iterature addressing specifically the existence of intrinsic
ortopathy in patients with TOF.9,11,12 However, these pub-
ications have not assessed the interrelationship of specific
istopathologic findings with the potential influencing fac-
ors. The major findings of this study include the existence
f histologically normal aorta in only 25.5% of aortic tissue
pecimens and the presence of several intrinsic degenerative
athologic characteristics of varying grades of severity.
ther important findings are significant loss of lamellar
ounts and the prevalence of intrinsic histologic abnormal-
ties of the aortic wall in patients as early as 6 months of age
Tables 1 to 3 and E3).
hat Are the Potential Risk Factors Relating to
ortic Dilatation in TOF?
he literature documents up to 15% incidence of aortic root
ilatation in patients undergoing intracardiac repair for
OF.1-7 The aortic root dilatation is often progressive, w
evelopment of aortic regurgitation necessitating aortic
alve replacement or repair,1-7,12,13 and has been reported 
ccur in patients not treated surgically2,4,6 as well as lat
fter repair in patients treated surgically.1-7,10,12,13
Four variables have been incriminated as the potentially
nfluencing factors for aortic dilatation: (1) abnormal mor-
hogenesis resulting in unequal division of the fetal truncus,
avoring aorta, (2) volume overload implicit in the biven-
ricular aorta, (3) aortic regurgitation that augments volume
verload and introduces pulsatile flow facilitating dilatation,
nd (4) intrinsic medial degenerative changes.1-6,10-12 In
atients with TOF treated surgically, the cause of aortic root
ilatation is thought to be predominantly secondary to
hronic hemodynamic stress from volume overload of the
orta.3,7,11-13
Aortic diameter measured echocardiographically in o
tudy showed significant dilatation in 66.3% of patients
ith TOF. It is noteworthy that of these 65 patients with
ilated aorta, 62 (95.4%) exhibited histologic abnormalities
nd 3 (4.6%) were histologically normal. Logistic regres-
ion analysis accounting for the effects of other variables
emonstrated a relationship between aortic root dilatation
nd male sex, aortic override greater than 50%, presence of
ouble-outlet right ventricle, elastic fragmentation, and in-
reased ground substance. The predictive accuracy of logis-
ic regression model on aortic root dilatation, as assessed by
rea under the ROC curve, was 92.4%. Furthermore, the
resence of a histologically abnormal aorta was associated
ith 15.97 times (95% CI 3.07-83.15) higher risk of aortic
ilatation as compared with normal aorta (Tables 1 a
nd Figure 1).
In this study, there was a clear male predominance
mong patients with dilated aorta, even after indexing for N
4 The Journal of Thoracic and Cardiovascular Surgery ● Januaody surface area and adapting for age from Roman and
ssociates.14 Literature documents significantly greater ao-
ic root size in healthy male compared with female pa-
ients.14,17 This was also the case in our patients with 
ndergoing repair. Aortic elasticity and distensibility are
nown to decline with age, especially among male pa-
ients.15,17 This may explain in part the male predomina
mong patients with aortic dilatation.
Histologic changes in the aortic media of patients with
OF resemble those observed in both bicuspid aortic valve
isease and Marfan syndrome.15,16,21 Whether these
hanges result from a primary or intrinsic medial abnormal-
ty inherent in TOF itself or are secondary to the antecedent
olume-overloaded aorta before repair remains unknown.
arnes and Child13 have postulated that a combination 
ntrinsic capacity for premature cellular injury or cell death
nd programmed stress-induced activation of tissue en-
ymes might be the causative factors for such apoptotic
edial changes in TOF.18-20
Alternatively, there may be one or more cellular abnor-
alities of the aorta in patients with conotruncal abnormal-
ties. During embryogenesis, occipital neural crest cells
erived from cranial neural fold migrate into the cardiac
utflow tract and participate in outflow tract septation.22,23
hese neuroectodermal immigrants into the ascending aorta
n patients with conotruncal abnormalities may influence
edial degeneration and aortic dilatation.22,23 On the basi
f these observations, Niwa and associates8-10 postulated
hat patients with TOF may harbor an aortic wall abnormal-
ty that reflects a common developmental fault that weakens
nd attenuates the aortic wall.
In this study, the presence of aortic root dilatation in
arly infancy and the occurrence of intrinsic aortopathy in
atients as early as 6 months of age strongly suggest that
ntrinsic aortic wall abnormalities also play a causative role
n aortic root dilatation, in addition to the effects of volume
verloading and physiologic changes associated with
geing.
hen Should Aortic Root Replacement Be Considered
n Patients With Dilated Aortic Root? Should the
ame Criteria Be Used as Are Used for Marfan
yndrome?
ublished literature including our observations in this study
o not provide any conclusive answer.1,3,6-8,10,12,13 How-
ver, if patients are reoperated on for aortic or pulmonary
alve replacement, it would appear prudent to consider
oncomitant aortic root repair or replacement if the aortic
oot is more than 50 mm in diameter.8,10,24 There is no
urrent consensus on which patients and at what stage of
ortic root dilatation isolated aortic root surgery should be
onsidered in the absence of other indications for operation.
or there is any consensus on -blocker administration for
ry 2008
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Dimiting aortic root dilatation in patients who underwent
ntracardiac repair.24
In this series, of 65 patients with dilated aorta, 13 (20%)
atients had trivial to mild aortic regurgitation. None of
hem required aortic root repair/replacement at the time of
ntracardiac repair. These patients are being followed up
ith 2-dimensional and Doppler echocardiogram and mag-
etic resonance imaging for serial assessment of aortic root
ize and quantification of aortic regurgitation. To this point,
one of them has aortic regurgitation or aortic root dilata-
ion severe enough to necessitate aortic valve or aortic root
urgery. In a Mayo Clinic series, the largest aortic root
easured was 85 mm in diameter without dissection.7 On
he other hand, literature documents 2 isolated reports of
ortic dissection with aortic root diameter measuring 6.45
m and 6.1 cm, respectively.25,26
valuation and Analyses of Risk Factors for
evelopment of Histologic Abnormalities (Elastic
ragmentation, Accumulation of Ground Substance,
edionecrosis, Smooth Muscle Disarray, and Fibrosis)
n the Aortic Wall of TOF
he normal aortic media consists of layers of longitudinally
rranged elastic lamellae interspersed with smooth muscle
ells and collagen fibrils in a mucopolysaccharide ground
ubstance. Each lamella and the adjacent zone containing
he smooth muscle cells synthesize the connective tissue
atrix and form a lamellar unit (Figure E1, A and B). The
arallel elastic lamellae are more numerous in the ascending
orta, usually 55 units, and decrease in number across the
escending thoracic aorta.27 The media is not a static str-
ure. The number of elastic lamellae is only 35 at birth; by
dult life, it is 55.27 With increasing age, the elastic lamel
eduplicate and there is a corresponding decrease and de-
eneration of elastic lamellae and partial replacement with
ollagen, resulting eventually in the aforementioned histo-
ogic changes.
In our study, elastic fragmentation and fibrosis seemed to
ccur in greater proportion among patients with TOF across
ll age groups in comparison with changes like medione-
rosis, which was more prevalent in patients undergoing
revious palliative systemic–pulmonary arterial shunts,
igher RVEDP, increased indexed aortic diameter, and the
resence of MAPCAs (Table 3).
Another important finding of this investigation is the
lose interrelationship between lamellar loss and appear-
nce of histopathologic changes. A mean lamellar coun
0.85 was always associated with a histologically abnormal
orta and aortic dilatation (OR  7.46 [95% CI  2.84-
9.58]; P  .0001). A lamellar count of less than 60 was
ssociated with a sensitivity of 80% and a specificity of
7.6%. The predictive value of a positive or negative result
as 68.7% and 92.3%, respectively. Area analysis under the
OC curve indicated that 93.37% (SE 0.039) of the time, t
The Journal of Thorache value of lamellar count was lower for the abnormal
istopathology group compared with normal (Table 2, 
re 2).
Patients aged more than 96 months, systemic arterial
esaturation less than 80%, having aortic override of more
han 50%, indexed aortic diameter of more than 24.80 mm,
nd presence of MAPCAs were the significant risk factors
or the development of elastic fragmentation by logistic
egression analysis (Table 3). Thus, this study reve
arlier and frequent occurrence of lamellar loss, elastic
ragmentation, and disruption in patients with TOF. Elastin
as a long half-life of 40 to 70 years, and the loss of elastin
n adults is most likely a manifestation of elastolysis rather
han insufficient synthesis.21 In children with TOF an
ulmonary stenosis/pulmonary atresia, whether the loss of
lastin is due to increased elastolysis stimulated by the shear
nd increased flow volume through the aorta or due to
ntrinsic problems of elastin synthesis remains uncertain12
t is hypothesized that this intrinsic abnormality may be an
xpression of a hitherto unrecognized genetic defect involv-
ng the cellular function in the aortic media of patients with
OF, or may be programmed cell death.8-13,18-20
Apoptosis is programmed cell death, not increased or
remature destruction of extracellular matrix proteins, that
s, elastic fibers. If apoptosis of smooth muscle cells is the
nderlying mechanism for bicuspid aortopathy, could the
lastic fragmentation and disruption seen in our patients
ith TOF be the final expression of elastolysis of the fibers?
he obvious triggering factor here would be the shearing
orce from volume-overloaded aorta early in life, with the
reatest stress being generated at the aortic root and ascend-
ng aorta.
omparison of Patients Younger Than 2 Years of Age
ith Those Over 14 Years
s late presentation of congenital heart disease is not un-
sual in the developing world, it is not uncommon to be
aced with the grown-up patient with TOF physiology with-
ut previous palliation. They are more cyanotic and poly-
ythemic and are indeed a different subset from those en-
ountered in the Western world. Only 11 (11.2%) patients in
his series undergoing intracardiac repair were between 6
nd 24 months of age. Despite the median age of just under
years in this study group, only about a third of the patients
28.5%) were shunted. Although our setting is a tertiary care
enter, the socioeconomic profile of the patients and the lack
f health care insurance benefit led to delayed referral and
urgery, accounting for higher age of the patients.
The 2 groups of patients in this study population repre-
ent the extremes of age (2 years and 14 years) and of
orphologic alterations. Although severe degenerative
hanges ranging from grade 3 elastic fragmentation to me-
ionecrosis and fibrosis were present in patients aged more
han 14 years, similar changes were observed in a subset of
ic and Cardiovascular Surgery ● Volume 135, Number 1 75
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Datients under 2 years of age. The additional adverse effects
f systemic arterial desaturation (80%), higher hematocrit
45%), aortic override (50%), increased indexed aortic
iameter (24.80 mm/m2), higher RVEDP (12 mm Hg),
resence of right aortic arch, double-outlet right ventricle,
nd pulmonary atresia might be expected to influence the
evelopment of early degenerative process.
Thus, our study shows a statistically significant interre-
ationship between lamellar loss and the appearance of
istopathologic changes in the aortic wall of patients with
OF. These histologic abnormalities possibly reduce the
ohesive and tensile strength of the media and suggest an
mportant causative mechanism for aortic root dilatation.
tudy Limitations
he principal limitation of this study is its sample size.
egenerative changes in the aortic wall are a complex and
ariable process. With the current techniques to assess de-
enerative changes, a prohibitively high number of samples
re required to determine the extent of this problem and its
orrelation with various clinical entities. The second limi-
ation is that we examined histologically only a small seg-
ent of the ascending aorta.
Thirdly, the aorta is volume overloaded in TOF, with the
reatest stress being generated at the aortic root and ascend-
ng aorta. The tissue samples in this study were obtained
rom the aortic cannulation site and not from the aortic
inuses because this could cause further destruction of the
ortic sinuses.
Fourth, it remains uncertain whether these medial abnor-
alities in the ascending aorta, even in infants and young
hildren, are inherent or acquired. Finally, whether the loss
f elastin is an expression of a hitherto unrecognized genetic
efect involving the cellular function or apoptosis remains
ncertain.
Larger scale clinical studies of the aorta commencing in
nfancy are required and may shed further light on the risk
tratification for aortic dilatation and the rate of its
rogression.
linical Implications and Recommendations
he present study indicates preponderance of degenerative
hanges in the aortic tissue of adult TOF, in patients with
ong-standing cyanosis and pressure overload, increased
ortic dimensions, right aortic arch, and in patients with
aised RVEDP, and it supports the concept of early opera-
ive correction if technically appropriate. These observa-
ions serve to emphasize that patients undergoing intracar-
iac repair require meticulous life-long follow-up.
omprehensive assessment should include a clinical and
chocardiographic evaluation not only of the right ventric-
lar outflow tract but also of the aorta.
6 The Journal of Thoracic and Cardiovascular Surgery ● JanuaThe present impetus to operate on these patients early in
ife might mean that aortic root dilatation might be a patho-
ogic condition of the past and not of future generations of
atients with TOF.
Early surgical repair of these patients may prevent right
entricular dilatation and fibrosis by decreasing the volume
nd pressure overload. Thus, even if there is an intrinsic
evelopmental tendency to medial disease, limiting the ex-
osure to hemodynamic stress may obviate future aortic
ilatation as well as progression of aortic regurgitation.
evertheless, the range, prevalence, degree, and potential
ardiac surgical risk posed by these abnormalities are mat-
ers that warrant emphasis.
onclusions
e conclude that there are marked histopathologic changes
anging from loss and fragmentation of elastic lamellae, in-
reased accumulation of ground substance, medionecrosis, and
uscle disarray to fibrosis in patients with TOF. These medial
bnormalities may provide the substrate for subsequent pro-
ressive aortic dilatation and warrant further investigation.
Progressive aortic dilatation with aortic regurgitation can
ccur despite early repair of TOF. The deterioration may
ake a long time to develop, which emphasizes the need for
ontinued and life-long follow-up of all patients after intra-
ardiac repair.
The authors are grateful to Mr Shankar Sharma for preparation
f the manuscript.
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DABLE E1. Demographic, operative and postoperative details of the study group
atient-related variables Mean  SD (range)
ge at operation (mo) 104.5  102.72 (6 mo–47 y; median 72 mo)
ge
96 mo 65
96 mo 33
ale/female 71 : 27
eight at operation (kg) 21.42  14.76 (2.5–80 kg; median 16 kg)
ody surface area (m2) 0.81  0.38 (0.19–2.0 m2; median 0.75 m2)
revious Blalock-Taussig shunt 28
reoperative hemoglobin (g/dL) 14.8  4.8 (14–25)
reoperative hematocrit value
45% 41
45% 57
reoperative right ventricular end-diastolic pressure
12 mm Hg 81
12 mm Hg 17
reoperative systemic arterial oxygen saturation (%)
80% 51
80% 47
oil embolization of MAPCAs 34
ight aortic arch 22
ortic override
50% 42
50% 56
ndexed aortic diameter (mm/m2) 26.23  10.81 (0–70; median 24.80)
ilated aortic root
Preoperative 65
Postoperative 65
ortic regurgitation
Yes 13
No 85
iagnosis
OF with pulmonary stenosis 56
ORV (Fallot type) and TOF with pulmonary atresia 42
owest temperature at operation 28°C
ortic crossclamp time (min) 40.0  15.0
reoperative peak systolic pressure ratio (PRV/LV) 0.98  0.04
ostoperative peak systolic pressure ratio (PRV/LV) 0.42  0.16
ostoperative mean PA pressure (mm Hg) 15.6  3.2
D, Standard deviation; MAPCA, major aortopulmonary collateral artery; TOF, tetralogy of Fallot; DORV, double-outlet right ventricle; LV, left ventricle; RV,
ight ventricle; PA, pulmonary artery.7.e1 The Journal of Thoracic and Cardiovascular Surgery ● January 2008
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DABLE E2. Histologic definitions and grading of tunica media sections of the aortic wall
istologic definition Grade 1 Grade 2 Grade 3
edionecrosis
ocal loss of smooth muscle
cell nuclei media
Focal loss consisting of 
one third of total width
of media
Focal loss consisting of one
third to two thirds of
media thickness
Focal loss consisting of  two
thirds of media thickness
ibrosis
ncreases in interstitial
collagen
Fibrosis in  one third of
total width of media or
focal accumulation
throughout
Fibrosis in one third to two
thirds of total width of
media with multiple small
areas of fibrosis
Fibrosis in  two thirds of
total width of media with
multiple small areas of
fibrosis
ystic medial necrosis
(mucoid accumulation)
ysts are observed in
presence of intact elastic
lamellae and fragmented
elastic fibers
Minute foci within a
single lamellar unit not
encompassing its entire
width
Increased size and No. of
“cysts” plus mucoid
material covering the
total width of 1 lamellar
unit
Large and extended “cysts”
(1 lamellar unit) with
fragmentation of elastic
fibers
lastic fragmentation
ocal fragmentation of elastic
lamellae in aortic media
5 foci of elastic
lamellae fragmentation
in 1 microscopic field of
200
5-9 foci of elastic lamellae
fragmentation in 1
microscopic field of 200
10 foci of elastic lamellae
fragmentation in 1
microscopic field of 200
lastic lamellae Total No. of elastic
lamellae in media were
counted. Median value
in different age groups
was used as the
“cutoff” value to
differentiate normal
from abnormal
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CH
DABLE E3. Odds ratio for potential risk factors for aortic dilatation in patients undergoing intracardiac repair of TOF
bivariate analysis) (n  98)
erial No. Variables
Aortic dilatation
P valueNo. No. (%) OR (95% CI)
1. Aortic wall histology
● Abnormal
● Normal control
73
25
62
3
41.33 (10.54–162.02) .001
2. Elastic fragmentation
● Present
● Absent
73
25
62
3
41.33 (10.54–162.02) .001
3. Increased ground substance
● Present
● Absent
53
45
49
16
22.21 (6.77–72.83) .001
4. Medionecrosis
● Present
● Absent
39
59
31
34
2.85 (1.12–7.25) .028
5. Muscle disarray
● Present
● Absent
26
72
22
43
3.97 (1.24–12.69) .02
6. Fibrosis
● Present
● Absent
56
42
50
15
15.0 (5.21–43.13) .001
7. Age
● 96 mo
●  96 mo
33
65
31
34
14.13 (3.12–63.99) .001
8. Sex
● Male
● Female
71
27
58
7
12.74 (4.46–36.42) .001
9. Systemic arterial oxygen saturation
● 80% 51 44 7.78 (2.91–20.80) .001
● 80% 47 21
7.e3 The Journal of Thoracic and Cardiovascular Surgery ● January 2008
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DABLE E3. Continued
erial No. Variables
Aortic dilatation
P valueNo. No. (%) OR (95% CI)
0. Hematocrit
● 45%
● 45%
57
41
43
22
2.65 (1.12–6.27) .02
1. Aortic override
● 50%
● 50%
42
56
40
25
19.16 (5.45–112.79) .001
2. Aortic regurgitation
● Yes
● No
13
85
12
53
7.24 (0.89–58.38) .06
3. MAPCAs
● Present
● Absent
34
64
29
36
3.62 (1.31–9.96) .01
4. Previous palliation
● Yes
● No
28
70
20
45
1.38 (0.53–3.61) .5
5. Right ventricular end-diastolic pressure
● 12 mm Hg
● 12 mm Hg
17
81
16
49
10.45 (1.32–82.69) .02
6. Right aortic arch
● Yes
● No
22
76
19
46
4.13 (1.12–15.18) .03
7. Diagnosis
● TOF with PS
● DORV, TOF with PA
56
42
28
37
7.4 (2.53–21.59) .001
8. Lamellar count
● Abnormal (mean  SD 40.85  11.05; range 15-59)
● Normal (mean  SD 66.72  4.69; range 60-76)
73
25
62
3
7.46 (2.84–19.58) .001
R, Odds ratio; TOF, tetralogy of Fallot; CI, confidence interval; PS, pulmonary stenosis; DORV, double-outlet right ventricle; PA, pulmonary atresia; SD,
tandard deviation.
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DABLE E4. Odds ratio for potential risk factors for elastic fragmentation, increased ground substance, medionecrosis,
uscle disarray, and fibrosis in aortic tissue of TOF (bivariate analysis)
erial No. Variables
Elastic fragmentation (n  73) Increased ground substance (n  53)
No. No. (%)
Risk ratio
(95% CI)
P
value No. No. (%)
Risk ratio
(95% CI)
P
value
1. Age
 96 mo 33 31 (93.9) 8.48 (1.86–38.71) .006 33 29 (87.3) 12.38 (3.88–39.52) .001
 96 mo 65 42 (64.6) 65 24 (36.9)
2. Sex
Male 71 64 (90.1) 18.28 (5.98–55.9) .001 71 40 (56.3) 1.38 (0.57–3.37) .73
Female 27 9 (33.3) 27 13 (48.1)
3. Systemic arterial oxygen saturation
80% 51 44 (86.3) 3.90 (1.45–10.51) .007 51 39 (76.5) 9.75 (3.84–24.73) .001
80% 47 29 (61.7) 47 14 (29.8)
4. Hematocrit
45% 57 43 (75.4) 1.12 (0.45–2.81) .800 57 41 (71.9) 6.6 (2.63–16.52) .001
45% 41 30 (93.2) 41 12 (29.2)
5. Aortic override
50% 42 40 (95.2) 13.93 (3.05–63.51) .001 42 33 (78.6) 6.6 (2.63–16.52) .001
50% 56 33 (58.9) 56 20 (35.7)
6. Indexed aortic diameter (mm/m2)
24.80 65 62 (95.4) 41.33 (10.54–162.01) .001 65 49 (75.4) 22.20 (6.77–72.83) .001
24.80 33 11 (33.3) 33 4 (12.1)
7. Aortic regurgitation
Yes 13 12 (92.3) 4.72 (0.58–38.32) .14 13 11 (84.6) 5.63 (1.17–26.94) .030
No 85 61 (71.7) 85 42 (49.4)
8. MAPCAs
Present 34 30 (88.2) 3.66 (1.14–11.75) .029 34 27 (79.4) 5.63 (2.13–14.86) .001
Absent 64 43 (67.2) 64 26 (40.6)
9. Previous palliation
Yes 28 24 (85.7) 2.57 (0.79–8.33) .115 28 21 (75) 3.56 (1.34–9.45) .011
No 70 49 (70) 70 32 (45.7)
0. Right ventricular end-diastolic pressure
12 mm Hg 17 16 (94.1) 6.73 (0.84–5.69) .07 17 15 (88.2) 8.48 (1.82–39.53) .006
12 mm Hg 81 57 (70.3) 81 38 (46.9)
1. Right aortic arch
Yes 22 19 (86.4) 2.58 (0.69–9.60) .158 22 19 (86.3) 7.82 (2.13–28.67) .002
No 76 54 (71.9) 76 34 (44.7)
2. Diagnosis
TOF with PS 56 33 (58.9) 13.93 (3.05–63.51) .001 56 20 (35.7) 6.6 (2.63–16.52) .001
DORV, TOF
with PA
42 40 (95.2) 42 33 (78.6)
OF, Tetralogy of Fallot; CI, confidence interval; MAPCA, major aortopulmonary collateral artery; PS, pulmonary stenosis; DORV, double-outlet right
entricle; PA, pulmonary atresia.
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DABLE E4.
Continued)
Medionecrosis (n  39) Muscle disarray (n  26) Fibrosis (n  56)
No. No. (%)
Risk ratio
(95% CI)
P
value No. No. (%)
Risk ratio
(95% CI)
P
value No. No. (%)
Risk ratio
(95% CI) P value
ge
3 27 (81.8) 19.87 (6.72–58.76) .001 33 25 (75.7) 200 (23.7–1682.3) .001 33 28 (84.8) 7.4 (2.53–21.58) .001
5 12 (18.5) 65 1 (15.4) 65 28 (43.0)
1 25 (35.2) 0.50 (0.20–1.23) .136 71 20 (28.2) 1.37 (0.48–3.89) .5 71 42 (59.1) 1.34 (0.55–3.27) .5
7 14 (51.8) 27 6 (22.2) 27 14 (51.8)
1 21 (41.2) 1.12 (0.50–2.53) .77 51 24 (47.0) 20 (4.37–91.38) .001 51 37 (72.5) 3.89 (1.66–9.08) .002
7 18 (38.3) 47 2 (41.5) 47 19 (40.4)
7 28 (49.1) 2.63 (1.11–6.25) .028 57 23 (40.3) 8.56 (2.36–31.09) .001 57 39 (68.4) 3.05 (1.32–7.05) .009
1 11 (26.8) 41 3 (7.3) 41 17 (41.4)
2 31 (73.8) 16.90 (6.11–46.73) .001 42 23 (54.7) 21.38 (5.75–79.43) .001 42 31 (73.8) 3.49 (1.46–8.31) .005
6 8 (14.3) 56 3 (5.3) 56 25 (44.6)
5 31 (47.7) 2.85 (1.12–7.24) .028 65 22 (33.8) 3.70 (1.15–11.88) .02 65 50 (76.9) 15 (5.21–43.12) .001
3 8 (24.2) 33 4 (12.1) 33 6 (18.2)
3 11 (84.6) 11.19 (2.23–53.97) .003 13 10 (76.9) 14.37 (3.54–58.30) .001 13 12 (92.3) 11.18 (1.39–89.84) .023
5 28 (32.9) 85 16 (18.8) 85 44 (51.7)
4 25 (73.5) 9.92 (3.78–26.04) .001 34 16 (47.0) 4.8 (1.85–12.45) .001 34 28 (82.3) 6 (2.18–16.48) .001
4 14 (21.9) 64 10 (15.6) 64 28 (43.7)
8 18 (64.3) 4.2 (1.66–10.61) .002 28 17 (60.7) 10.47 (3.73–29.39) .001 28 22 (78.5) 3.88 (1.40–10.73) .009
0 21 (30) 70 9 (12.8) 70 34 (48.5)
7 15 (88.2) 17.81 (3.78–83.97) .001 17 15 (88.2) 47.72 (9.57–237.93) .001 17 14 (82.3) 4.33 (1.15–16.23) .030
1 24 (26.3) 81 11 (13.6) 81 42 (51.8)
2 12 (54.5) 2.17 (0.83–5.69) .11 22 14 (63.6) 9.33 (3.21–27.08) .001 22 19 (86.3) 6.67 (1.82–24.44) .004
6 27 (35.5) 76 12 (15.8) 76 37 (48.7)
6 8 (14.3) 16.90 (6.11–46.73) .001 56 3 (5.3) 21.38 (5.75–79.43) .001 56 25 (44.6) 3.49 (1.46–8.31) .005
2 31 (73.8) 42 23 (54.7) 42 31 (73.8)
OF, Tetralogy of Fallot; CI, confidence interval; MAPCA, major aortopulmonary collateral artery; PS, pulmonary stenosis; DORV, double-outlet right
entricle; PA, pulmonary atresia.
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CH
Digure E1. A and B, Photomicrographs of the ascending aortic
iopsy specimen of a patient with tetralogy of Fallot (TOF) (light
icroscopy, elastic van Gieson stain40) showing normal aortic
edia with corrugated, closely packed, longitudinally arranged
ntact elastic lamellae in a mucopolysaccharide ground
ubstance.7.e7 The Journal of Thoracic and Cardiovascular Surgery ● Janigure E2. A and B, Photomicrographs of the ascending aorta of
patient with tetralogy of Fallot (TOF) (light microscopy 100,
erhoeff van Gieson stain) showing widespread lamellar loss and
lastic tissue fragmentation (B) as compared with intact lamellae
f a patient with normal aorta (A).uary 2008
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CH
DFigure E3. Photomicrographs of light
microscopic biopsy from ascending
aorta of patients with tetralogy of Fal-
lot (TOF) (Verhoeff van Gieson stain
100) showing closely packed, longi-
tudinally arranged, intact elastic la-
mellae of a normal aorta (A and B) and
varying grades of elastic fiber frag-
mentation of abnormal aorta (C to F). C
and D, Widespread elastic fiber frag-
mentation and lamellar loss with large
areas of ground substance accumula-
tion and loss of smooth muscle. F,
Large area of fibrosis replacing the
elastic lamellae.The Journal of Thoracic and Cardiovascular Surgery ● Volume 135, Number 1 77.e8
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CH
DFigure E4. A to D, Photomicrographs of
ascending aortic biopsy of patients
with tetralogy of Fallot (TOF) (light mi-
croscopy, smooth muscle actin stain
400 [A]; alcian blue periodic acid–
Schiff stain 100 [B to D]). A and B,
Normal aorta with layers of longitudi-
nally arranged, elastic lamellae inter-
spersed with smooth muscle cells and
collagen fibrils in a mucopolysaccha-
ride ground substance. C and D, Disor-
ganized media with loss of smooth
muscle nuclei and varying grades of
mucoid ground substance accumula-
tion. D shows a large area of pools of
mucopolysaccharides and collagen
deposition.7.e9 The Journal of Thoracic and Cardiovascular Surgery ● January 2008
Chowdhury et al Surgery for Congenital Heart DiseaseFigure E5. A to D, Photomicrographs
from ascending aortic biopsy speci-
mens of patients with tetralogy of Fal-
lot (TOF) (light microscopy, hematoxy-
lin and eosin stain 100) showing
normal aortic media with layers of lon-
gitudinally arranged smooth muscle
nuclei (A and B) and abnormal aorta
with significant medial destruction and
changes in smooth muscle orientation.The Journal of Thoracic and Cardiovascular Surgery ● Volume 135, Number 1 77.e10
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DFigure E6. A to D, Photomicrographs
from ascending aortic biopsy of pa-
tients with tetralogy of Fallot (TOF)
(light microscopy, Masson trichrome
stain 100). A and B, Closely packed,
longitudinally arranged, intact elastic
lamellae. C and D, Mild increase in
fibrosis with increased interstitial
collagen.7.e11 The Journal of Thoracic and Cardiovascular Surgery ● January 2008
